In glycopeptide-resistant enterococci and staphylococci, high-level resistance is achieved by replacing the C-terminal D-alanyl-D-alanine of lipid II with D-alanyl-D-lactate, thus reducing glycopeptide affinity for cell wall targets. Reorganization of the cell wall in these organisms is directed by the vanHAX gene cluster. Similar self-resistance mechanisms have been reported for glycopeptide-producing actinomycetes. We investigated glycopeptide resistance in Nonomuraea sp. ATCC 39727, the producer of the glycopeptide A40926, which is the precursor of the semisynthetic antibiotic dalbavancin, which is currently in phase III clinical trials. The MIC of Nonomuraea sp. ATCC 39727 toward A40926 during vegetative growth was 4 g/ml, but this increased to ca. 20 g/ml during A40926 production. vanHAX gene clusters were not detected in Nonomuraea sp. ATCC 39727 by Southern hybridization or by PCR with degenerate primers. However, the dbv gene cluster for A40926 production contains a gene, vanY ( Actinomycetes are Gram-positive mycelial bacteria with a complex life cycle that consists of vegetative growth followed by the formation of aerial hyphae and ultimately spore formation, the last allowing both dispersal and persistence under unfavorable conditions. The onset of morphological differentiation generally coincides with the production of secondary metabolites, including many antibiotics of immense clinical and commercial importance. Antibiotic-producing actinomycetes must possess mechanisms to avoid suicide by their own toxic products. Several such resistance mechanisms have evolved, including target modification, antibiotic inactivation or sequestration, and efflux mechanisms. Microorganisms produce secondary metabolites mainly during the stationary phase of growth, and resistance genes are often coregulated with those for antibiotic production (8, 28). 
Actinomycetes are Gram-positive mycelial bacteria with a complex life cycle that consists of vegetative growth followed by the formation of aerial hyphae and ultimately spore formation, the last allowing both dispersal and persistence under unfavorable conditions. The onset of morphological differentiation generally coincides with the production of secondary metabolites, including many antibiotics of immense clinical and commercial importance. Antibiotic-producing actinomycetes must possess mechanisms to avoid suicide by their own toxic products. Several such resistance mechanisms have evolved, including target modification, antibiotic inactivation or sequestration, and efflux mechanisms. Microorganisms produce secondary metabolites mainly during the stationary phase of growth, and resistance genes are often coregulated with those for antibiotic production (8, 28) . Glycopeptide antibiotics are frequently used to treat life-threatening infections caused by multidrug-resistant Gram-positive pathogens. Vancomycin, introduced into clinical practice in 1958, is produced by the actinomycete Amycolatopsis orientalis, whereas teicoplanin, used in European hospitals since 1988, is made by Actinoplanes teichomyceticus (23) . Both compounds inhibit the late stages of peptidoglycan assembly by forming complexes with the D-alanyl-D-alanine (D-Ala-D-Ala) C termini of the peptidoglycan precursors on the external side of the cell membrane (29) . The formation of these complexes prevents the cross-linking reaction catalyzed by transglycosylases, D,Dtranspeptidases, and D,D-carboxypeptidases, thus hampering cell wall assembly. In vancomycin-resistant enterococci (VRE) and staphylococci (VRSA), resistance to glycopeptides is mediated by the synthesis of modified peptidoglycan precursors (29) . The synthesis of the alternative peptidoglycan precursors requires the coordinate action of several enzymes encoded by the van genes (29) . vanH encodes a dehydrogenase (␣-keto acid reductase) that reduces pyruvate to D-lactate (D-Lac). vanA encodes a ligase that catalyzes the formation of the DAla-D-Lac depsipeptide, which replaces the dipeptide D-Ala-D-Ala in peptidoglycan synthesis. Glycopeptide resistance also requires the presence of the D,D-dipeptidase VanX, which selectively removes the intracellular pool of D-Ala-D-Ala produced by the native enterococcal ligase, ensuring that the DAla-D-Lac depsipeptide is incorporated into the peptidoglycan precursor. VanR and VanS constitute a two-component regulatory system that activates transcription of the vanHAX gene cluster (17, 29) .
Marshall et al. (27) reported that many glycopeptide-pro-ducing actinomycetes possess genes with homology to the van genes of VRE. Cloning and sequencing of gene clusters for the biosynthesis of the glycopeptide antibiotics balhimycin (bal), chloroeremomycin (cep), A40926 (dbv), A47934 (sta), and teicoplanin (tcp) revealed the presence of vanHAX genes in both the sta and tcp gene clusters (10) . In A. teichomyceticus (24, 33) and in the A47934 producer Streptomyces toyocaensis NRRL 15009 (30) , vanHAX homologues are located at the 5Ј ends of the tcp and sta gene clusters. More recently, constitutive expression of vanHAX genes was reported for A. teichomyceticus (4), while inducible expression of the same genes was found in the non-glycopeptide producer Streptomyces coelicolor (18, 19) . Nonomuraea sp. ATCC 39727 produces the teicoplanin-like glycopeptide antibiotic A40926 (12) . A40926 is the precursor of the semisynthetic derivative dalbavancin that is currently in phase III clinical trials (7). The gene cluster for A40926 biosynthesis (dbv) does not possess homologues of vanHAX but contains vanY (ORF7) (34) , homologues of which were identified previously in enterococci (11) . vanY encodes a putative carboxypeptidase that could potentially cleave the D-Ala-D-Ala termini of peptidoglycan precursors outside the cell membrane (1, 2) . A potential role for vanY in glycopeptide resistance in the A40926 producer was recently reinforced by the preferential accumulation of the tetrapeptide UDP precursor (instead of the pentapeptide) during cell wall synthesis in Nonomuraea sp. ATCC 39727 (25) . In this paper, we describe the glycopeptide resistance phenotype of Nonomuraea sp. ATCC 39727 and investigate the role of vanY in glycopeptide resistance.
MATERIALS AND METHODS
Strains and cultural conditions. The A40926 producer Nonomuraea sp. ATCC 39727 was maintained as a lyophilized master cell bank (MCB). The mycelium from the MCB was streaked on slants of salt medium (SM) ([in g/liter] glucose, 10; Bacto-peptone, 4; Bacto-yeast extract, 4; MgSO 4 ⅐ 7H 2 O, 0.5; KH 2 PO 4 , 2; K 2 HPO 4 , 4; deionized water up to 1 liter) solidified with agar (15 g/liter). After growth, the mycelium from a slant was homogenized in 10 ml of physiological solution (0.9% [wt/vol] NaCl), inoculated into liquid SM, grown for 96 h at 28°C with aeration, and stored as a working cell bank (WCB) in 1.5-ml cryo-vials at Ϫ80°C. The WCB was used to inoculate all of the cultures described here. Unless otherwise specified, cultures were grown in media (SM or SM/agar) in which production of A40926 did not occur (as determined by high-pressure liquid chromatography [HPLC] analysis of culture extracts; see below). These cultures/ media are defined as "vegetative" to distinguish them from cultures/media that support A40926 production.
Streptomyces venezuelae ATCC 10595 (37) was maintained as spores in 10% glycerol (22) . Agar medium used for its propagation was MYM (37) . Media and culture conditions for Escherichia coli were described in reference 9. E. coli DH5␣ (Invitrogen) was used as a host for plasmid constructions. E. coli ET12567/pUZ8002 (13) was the nonmethylating plasmid donor strain for intergeneric conjugation with Nonomuraea sp. ATCC 39727, as described in the work of G. L. Marcone, L. Foulston, E. Binda, F. Marinelli, M. J. Bibb, and F. Beltrametti (submitted for publication). Carbenicillin (Carb; 100 g/ml), apramycin (Apra; 50 g/ml), chloramphenicol (Cm; 25 g/ml), and kanamycin (Kan; 50 g/ml), all from Sigma, were added to growth media when required. LArabinose (10 mM final concentration; Sigma) was added as indicated to SOB medium (14) from a 1 M sterile (filtered) stock solution to induce genes under the control of the pBAD promoter (9 For van gene mining, PCR amplifications were performed using primer pairs and conditions reported by Marshall et al. (27) , as well as the primer pairs described above for the A. teichomyceticus van genes.
Replacement of vanY. vanY (dbv ORF7) was replaced with an apramycin resistance gene [aac(3)IV] using PCR-targeting mutagenesis (13) . For gene replacement, two long PCR primers (58 nucleotides [nt] and 59 nt) were made. Each of them possessed at the 5Ј end 39 nt matching the Nonomuraea sp. ATCC 39727 sequence adjacent to vanY (shown in bold in the following primer sequences) and a 3Ј sequence (19 nt or 20 nt) matching the right or left end of the disruption cassette. The oligonucleotides used were 59nt Fw (5Ј-AGA ACTGGTGTCAGATCACCAGACTGGAGGAGAGGGATGATTCCGGGGAT CCGTCGACC-3Ј) and 58nt Rev (5Ј-CCGGGGACCGATCCCCGCGGCGAC CCCGTGCCCTAGC TATGTAGGCTGGAGCTGCTTC-3Ј). The aac(3)IV cassette was amplified by PCR using pIJ773 as a template and the above primers. The resulting PCR product was purified using a gel extraction kit (Qiagen). To induce the replacement of the targeted gene with the apramycin resistance gene cassette by red recombination, cosmid A40Y, carrying vanY, was introduced into E. coli BW25113/pIJ790, and the resulting transformant (E. coli BW25113/ pIJ790/A40Y) was cultured in SOB-Mg 2ϩ medium containing carbenicillin (50 g/ml), kanamycin (50 g/ml), chloramphenicol (25 g/ml), and 20 mM Larabinose at 30°C to an optical density at 600 nm (OD 600 ) of 0.6. Electrocompetent cells were generated from the induced culture, and the purified aac(3)IV cassette was introduced by electroporation. Transformants were selected on LB agar plates containing apramycin (50 g/ml) and carbenicillin (100 g/ml) incubated overnight at 37°C. Gene replacement in the mutated cosmid (A40⌬Y) (G. L. Marcone et al., submitted for publication) was confirmed by restriction enzyme analysis and by PCR using the following oligonucleotides, which anneal 100 to 200 bp upstream and downstream of the 39-bp recombination sites: vanY Fw (5Ј-GTGGCACTTCCGCTGCTAGT-3Ј) and vanY rev (5Ј-CTGGAGTTCG TCTTCCGCTA-3Ј). Confirmed mutant cosmids were introduced into E. coli ET12567/pUZ8002 (methylation-negative strain) (13) by electroporation and then transferred into the mycelium of Nonomuraea sp. ATCC 37927 by conjugation (G. L. Marcone et al., submitted for publication). Exconjugants were selected by culturing on MV0.1 agar plates supplemented with 10 mM MgCl 2 at 30°C for 24 h and then overlaying the plates with apramycin (25 g/ml) and nalidixic acid (20 g/ml). Colonies that developed on the plates were transferred to MV0.1 agar plates containing apramycin (25 g/ml) and incubated at 30°C for 10 to 15 days (G. L. Marcone et al., submitted for publication). Replacement of the entire coding sequence (591 bp) of vanY with aac(3)IV (1,377 bp) was confirmed by sequencing. Nonomuraea sp. ATCC 39727 ⌬vanY was maintained and cultivated as described for the wild-type strain.
Heterologous expression of vanY in Streptomyces venezuelae. The vanY open reading frame was amplified from Nonomuraea sp. ATCC 39727 genomic DNA using Expand High Fidelity polymerase (Roche) and vanY86Fw (5Ј-ATGGA TCCCAGACTGGAGGAGAGGGATG-3Ј) and vanY86Rev (5Ј-GATAAGCT TCGATCCTGGAGTTCGTCTTC-3Ј) oligonucleotide primers that introduced BamHI and HindIII restriction sites (in bold), respectively, into the PCR product, allowing insertion into the multiple cloning site of the multicopy expression vector pIJ86. The PCR product was purified, digested with BamHI and HindIII, and ligated with pIJ86 that had similarly been digested to produce pIJ86⍀vanY. pIJ86⍀vanY, with vanY transcribed from the strong constitutive ermE* promoter (22) was used to transform E. coli ET12567/pUZ8002. Conjugations were performed according to standard protocols (22) using E. coli ET12567/pUZ8002/pIJ86⍀vanY as the donor and S. venezuelae as the recipient.
The resulting transconjugants were selected on MYM agar medium, containing apramycin and nalidixic acid.
Determination of MICs and PAPs. MICs were extrapolated from population analysis profile experiments (PAPs) as the concentrations inhibiting growth of 99.99% of the colonies growing on solid media. Mycelia for PAPs of Nonomuraea sp. ATCC 39727 and its ⌬vanY mutant were prepared as follows. Cryo-vials of the WCB were thawed at room temperature, and 2 ml was used to inoculate 100 ml of SM medium. Strains were grown to exponential phase (approximately 48 h) at 28°C with shaking. The mycelium was harvested by centrifugation, suspended in physiological solution (0.9% [wt/vol] NaCl), and fragmented by sonication with a Vibracell Albra sonicator 400 W model as previously described (3, 6) . The mycelium was stored either in 1-ml aliquots at Ϫ80°C or used immediately. Sonicated hyphae were then seeded onto SM agar plates supplemented with different glycopeptide concentrations. Up to 10 7 CFU were spread per plate and incubated at 28°C for 15 days. After incubation, colonies were counted and the surviving fraction of the population for each antibiotic concentration was determined.
PAPs for S. venezuelae and its derivatives were determined similarly, but with 10 7 spores of each strain plated on MYM agar containing appropriate levels of antibiotics and then incubated for 3 days.
Induction of glycopeptide resistance was investigated with Nonomuraea sp. ATCC 39727 cultures grown as described above and then incubated for 24 h with sub-MIC concentrations of vancomycin (12 g/ml), teicoplanin (0.25 g/ml), or A40926 (0.5 g/ml). The MICs and PAPs for the different glycopeptides were then determined as described above. Minimal bactericidal concentrations (MBC) were estimated as follows. The sonicated mycelium was inoculated into a set of SM medium flasks and allowed to grow for a time interval corresponding to three generations. Increasing antibiotic concentrations were added to the flasks, and incubation was allowed for a further 24 h. The mycelium was then washed with physiologic solution to eliminate exogenous glycopeptide, diluted, and plated on SM agar plates without antibiotic. Colonies were allowed to grow at 28°C for ca. 15 days and then the surviving fraction corresponding to each original antibiotic concentration was determined. Antibiotics that gave less than 0.1% survival under the conditions described above were considered bactericidal.
A40926 production. Fermentations for A40926 production by Nonomuraea sp. ATCC 39727 and from its ⌬vanY mutant were carried out with slight modification of the protocols described previously (3, 6) . In brief, one vial of the WCB was inoculated into 100 ml of vegetative medium E25 (5) in 500-ml baffled flasks. Strains were grown for 72 to 96 h on a rotary shaker at 200 rpm and 28°C. Fermentation was started by adding a 10% inoculum from the vegetative medium flask into production medium T/2 (5) in a 2-liter working volume P-100 Applikon glass reactor (height, 25 cm; diameter, 13 cm) equipped with an AD1030 Biocontroller and AD1032 motor. Cultivations in fermentors were carried out at 30°C, with stirring at 500 to 700 rpm (corresponding to 1.17 to 1.64 m/s of tip speed) and 2 liters/min aeration rate. Foam production was controlled by the addition of Hodag antifoam through an antifoam sensor. A total of 25 ml of each culture was extracted every day for 1 week of fermentation. Biomass production was estimated as dry weight after 24-h incubation in an 80°C oven. Mycelia from fermentor cultures were processed for MIC determination as described above.
A40926 was extracted by mixing 1 volume of mycelium and 3 volumes of borate buffer (100 mM H 3 BO 3 , 100 mM NaOH, pH 12). Samples were then centrifuged (16,000 ϫ g for 15 min) and incubated for 1 h at 50°C. The glycopeptide-containing supernatant was filtered through a Durapore membrane filter (0.45 m) (Millipore). Glycopeptide production was estimated by HPLC performed on a 5-m-particle-size Ultrasphere ODS (Beckman) column Peptidoglycan precursor extraction and analysis. Extraction of UDP-linked peptidoglycan precursors was performed as already described (4, 25) . In brief, mycelium was harvested by centrifugation, suspended in distilled water at a final concentration of 0.1 g of fresh weight per ml of water, and boiled for 20 min. The mycelium was then brought to room temperature and incubated in ice prior to centrifugation at 39,000 ϫ g for 1 h. The supernatant was filtered through a 0.22-m membrane, lyophilized, and then dissolved in 0.1 volume of water adjusted to pH 3 with formic acid. The samples were analyzed by reversed-phase HPLC and electrospray ionization mass spectrometry (ESI-MS) on an LCQDeca spectrometer equipped with an ion-trap analyzer (Thermo Finnigan, San Jose, CA) as described previously (4, 25) .
RESULTS AND DISCUSSION
Resistance to glycopeptides in Nonomuraea sp. ATCC 39727. There are few detailed studies of resistance phenotypes in glycopeptide-producing microorganisms. In mycelial actinomycetes, the standard method used in unicellular bacteria to determine MICs is compromised by the formation of multicellular aggregates and by the coexistence of cells in different physiological states (e.g., vegetative mycelium, aerial mycelium, and spores).
In our experiments with Nonomuraea sp. ATCC 39727, the most reliable method for MIC determination was the population analysis profile (PAP), which has been used to identify subpopulations or small differences in resistance levels. The MICs under these conditions are those concentrations which inhibit the growth of 99.99% of the population (15, 16) . Under these conditions, Nonomuraea sp. ATCC 39727 showed moderate resistance to glycopeptides, with MIC values of 4, 0.9, and 19.5 g/ml for A40926, teicoplanin, and vancomycin, respectively, as shown in Fig. 1 . These levels of glycopeptide resistance are markedly lower than those reported for the glycopeptide producer A. teichomyceticus (MIC values of 20, 25, and 90 g/ml for A40926, teicoplanin, and vancomycin, respectively) (4) and for the nonproducer S. coelicolor (MICs of 0.5 and 100 g/ml for teicoplanin and vancomycin, respectively [19] ), which contains a complete set of van genes. When MICs were determined after growth of Nonomuraea sp. ATCC 39727 in the presence of subinhibitory concentrations of A40926 (0.5 g/ml), teicoplanin (0.25 g/ml), or vancomycin (12 g/ml), induction of A40926 resistance was observed but only in the presence of A40926. No changes in A40926 MICs were observed in the presence of the other glycopeptides (Table 1). These data suggest that A40926 is able to specifically induce self-resistance in the producing organism. Induction of resistance could be coregulated with the onset of antibiotic production or induced by increasing levels of A40926 biosynthesis. While the presence of subinhibitory concentrations of vancomycin in the PAP plates did not increase teicoplanin or A40926 resistance, both A40926 and teicoplanin induced an increase in vancomycin resistance (Table 1 ). This resistance profile is different from the vancomycin-inducible resistance described for S. coelicolor, in which vanHAX expression is induced by vancomycin but not by teicoplanin (19) . It also differs from the regulation of glycopeptide resistance described for A. teichomyceticus, in which the vanHAX genes are transcribed constitutively (4) . The differential responses of actinomycetes, enterococci, and staphylococci to glycopeptides belonging to the vancomycin or teicoplanin classes pose questions about the nature and specificity of the inducer and its putative receptor, which have not been resolved (21) . The two classes of glycopeptides, while sharing the same molecular target (the D-Ala-D-Ala C terminus of the peptidoglycan precursor), interact in a different manner with it. Vancomycin is known to bind cooperatively to the target in the form of dimers, whereas teicoplanin and A40926 are localized at the site of action by their lypophilic tails, which anchor them to the cell membrane (21) . These distinct structural features and the consequent differences in localization and local concentration of glycopeptides at the target site may be responsible for the differences in their abilities to induce resistance or to inhibit growth in susceptible strains. Self-resistance during A40926 production. Resistance could be coregulated with endogenous antibiotic production in producing microorganisms, and an increase in self-resistance during antibiotic production has indeed been reported previously (8, 28) . Figure 2 shows the correlation between growth, A40926 production, and MICs at different stages of Nonomuraea sp. ATCC 39727 during flask cultivation. The MIC for A40926 at the beginning of fermentation was approximately the same as that for vegetative cultures (5 g/ml) and then increased progressively to 22 g/ml during production phase (from 48 to 120 h of fermentation). Maximum A40926 productivity reached 100 g/ml after 120 h of cultivation. Again, the A40926 producer differs from the teicoplanin producer A. teichomyceticus, whose MICs to teicoplanin during production phase did not change significantly (4) .
Notwithstanding the increase in resistance during A40926 production, the maximal MIC is about 5-fold lower than the maximal level of A40926 production. Given that glycopeptides are reported to exert a bactericidal action in pathogens (23), the minimal bactericidal concentrations (MBCs) of A40926, teicoplanin, and vancomycin were determined (Fig. 3) . Nonomuraea sp. ATCC 39727, as previously reported for A. teichomyceticus (4), survived 24 h of exposure to A40926, teicoplanin, and vancomycin at 5,000 g/ml, while the control antibiotic kanamycin showed bactericidal action at much lower concentrations. From these experiments we conclude that A40926 and the other tested glycopeptides are not bactericidal for Nonomuraea sp. ATCC 39727. That is, while the strain failed to grow in the presence of more than 5 and 20 g/ml of A40926 during vegetative and production phases, respectively, it could resume growth once the antibiotic was removed. Although the maximum level of A40926 production (ca. 100 g/ml) was much higher than the MIC, it occurred in stationary phase when little or no growth and cell wall biosynthesis presumably occurred. Thus, the level of A40926 resistance exceeds production levels during growth, falling below exogenous levels as the strain enters stationary phase, in which nonproliferating cells are tolerant to high concentrations of their own product. Interestingly, when Pootoolal and coworkers (30) knocked out the vanA-like gene that confers A47934 resistance in the producing strain, S. toyocaensis NRRL15009, the mutant retained the ability to produce the antibiotic, but its production was delayed by over 16 h, perhaps reflecting a mechanism that prevents a Concentrations were as follows: A40926, 0.5 g/ml; teicoplanin, 0.25 g/ml; or vancomycin, 12 g/ml.
b MICs (g/ml) are calculated from PAPs as those concentrations which inhibit the growth of 99.99% of the population. Results are the average of three independent experiments in which the standard deviation (SD) was less than 5%.
FIG. 2. A40926 resistance during fermentation of Nonomuraea sp. ATCC 39727. Symbols: f, dry weight; F, A40926 production; E, MIC values. Results are the average of three independent experiments in which the SD was less than 5%.
FIG. 3. Minimal bactericidal concentrations (MBCs) of A40926 (᭜), teicoplanin (f), and vancomycin (OE). The glycopeptides do not
show bactericidal activity against Nonomuraea sp. ATCC 39727, in contrast to the nonglycopeptide control antibiotic kanamycin (F). Results are the average of three independent experiments in which the SD was less than 5%.
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at BBSRC CONSORTIUM on May 18, 2010 aac.asm.org A47934 production until cells have ceased growing and are predicted to be insensitive to antibiotic action. van genes in Nonomuraea sp. ATCC 39727. In Nonomuraea sp. ATCC 39727, A40926 biosynthesis, regulation, and export are encoded by the dbv gene cluster (34) . The results reported above suggested that A40926 self-resistance might be coregulated with A40926 production. However, analysis of the dbv cluster failed to reveal homologues of vanHAX (34) . Consequently, we screened the Nonomuraea sp. ATCC 39727 genome for the presence of vanHAX genes by Southern hybridization and by PCR amplification. Degenerate primers (described in reference 27) and the vanH at A at X at genes of A. teichomyceticus (32) were used as probes; the latter were chosen because of the taxonomical closeness of A. teichomyceticus and Nonomuraea sp. ATCC 39727, which both produce chemically similar glycopeptides. No van gene homologues were identified (data not shown). Moreover, data from genome sequencing of Nonomuraea sp. ATCC 39727 indicate a lack of significant homology with van genes from A. teichomyceticus and enterococci (Pietro Alifano, personal communication). However, the dbv cluster does contain a homologue of vanY (ORF7), a putative D-alanyl-D-alanine carboxypeptidase (34) , that might play a role in glycopeptide resistance. Analysis of VanY (196 amino acids, protein identification no.
[id] CAD91202.1) revealed that, despite the low percentage of overall sequence identity between VanY from high-GC-content Nonomuraea sp. ATCC 39727 and low-GC Enterococcus faecalis (32%) or Enterococcus faecium (27%), the key active site residues (SXHXXGXAXD and EXXH) are conserved. This implies a similar mechanism of action and substrate binding in VanY from Nonomuraea sp. ATCC 39727 and in VanY proteins belonging to the Zn 2ϩ -dependent D,D-carboxypeptidases previously described for enterococci (1, 2) . A potential role for VanY in glycopeptide resistance in Nonomuraea sp. ATCC 39727 was also indicated by the detection of peptidoglycan UDP-MurNAc-tetrapeptide precursors during cell wall biosynthesis (25) . Using a liquid chromatography (LC)-MS method previously applied to the analysis of cell wall biosynthesis in A. teichomyceticus and in S. coelicolor (4), we blocked cell wall assembly in Nonomuraea sp. ATCC 39727 by the addition of ramoplanin, which inhibits peptidoglycan transglycosylases and leads to the accumulation of cell wall precursors (which are undetectable in untreated cells because of their rapid assembly into peptidoglycan) (20) . LC-MS analysis of cytoplasmic pools of peptidoglycan precursors in ramoplanin-treated cells revealed two molecular species. One was attributable to a pentapeptide precursor (UDP-N-acetylmuramyl-L-Ala-D-Glu-m-Dap-D-Ala-D-Ala) identical to that described for S. coelicolor (18) , whereas the other corresponded to the tetrapeptide peptidoglycan precursor UDP-N-acetylmuramyl-L-Ala-D-Glu-m-Dap-D-Ala lacking the terminal Dalanine. Quantification of the areas of the LC-MS peaks, corresponding to tetrapeptide and pentapeptide precursors, respectively (25) , indicated that the tetrapeptide precursor predominated in nonproducing vegetative cultures ( Table 2 ). The ratio between tetrapeptide and pentapeptide precursors increased following induction by A40926 and teicoplanin. During synthesis of A40926 in production medium, we detected the exclusive accumulation of the tetrapeptide precursor, while the pentapeptide was below the limit of detection (data not shown). These data suggested a possible mechanism for selfresistance in Nonomuraea sp. ATCC 39727 that is based on the elimination of the pentapeptide and its replacement with the tetrapeptide, which has a lower affinity for glycopeptides. Variations in the tetrapeptide/pentapeptide ratio correlated well with the resistance profile described above, which showed induction by A40926 and an increased level of resistance during A490926 production. No UDP-linked depsipeptide containing either D-Lac or D-Ser in the terminal position of the UDP precursor was detected in Nonomuraea sp. ATCC 39727, suggesting the absence of mechanisms of resistance based on the modification of the cell wall similar to those found in the van systems of enterococci (11), S. coelicolor (18) , and A. teichomyceticus (4) .
Analysis of cell wall precursors in
Analysis of a vanY mutant of Nonomuraea sp. ATCC 39727. To confirm a role for vanY in glycopeptide resistance in Nonomuraea sp. ATCC 39727, we took two parallel approaches: deletion of the gene in the producing organism and heterologous expression of vanY (see below). To date, genetic manipulation of Nonomuraea sp. ATCC 39727 has been hampered by the lack of molecular tools, and only recently have methods for protoplast transformation and intergeneric conjugation from E. coli been developed (25, 35, 36 ; G. L. Marcone et al., submitted for publication). Inactivation of vanY was accomplished by PCR-targeting (13) . A total of 55 independent apramycin-resistant Nonomuraea sp. ATCC 39727 exconjugants were obtained and screened for kanamycin sensitivity, revealing 18 putative double-crossover mutants, each of which was confirmed by PCR analysis. DNA sequencing of three of these confirmed the construction of the vanY mutant. Five of the 18 clones were then used to characterize the vanY resistance phenotype during vegetative growth. The MICs in these five independent ⌬vanY clones for A40926, teicoplanin, and vancomycin were 2, 0.3, and 4 g/ml, respectively (as shown by the PAPs reported in Fig. 4) , showing a reduction in resistance compared to the parental strain (MICs for A40926, teicoplanin, and vancomycin of 4, 0.9, and 19.5 g/ml, respectively). These results clearly indicated a role for VanY in selfresistance. Since antibiotic production and self-resistance are often coregulated in producing actinomycetes, we investigated if vanY inactivation had any effect on growth and on A40926 production in Nonomuraea sp. ATCC 39727. No effect was observed when five independent vanY mutants were compared with the wild-type strain in flask fermentations (data not shown). Figure 5 shows fermentor data for one of the five ⌬vanY clones compared to those of the wild-type strain. Growth, glucose consumption, pH, dissolved oxygen, and A40926 production profiles were similar in both strains. Heterologous expression of vanY in Streptomyces venezuelae and analysis of the resulting resistance phenotype. vanY was cloned in the multicopy vector pIJ86, which contains the constitutive ermE* promoter to drive the expression of the inserted gene. pIJ86⍀vanY (Fig. 6 ) was then introduced into Streptomyces venezuelae by conjugation from E. coli. S. venezuelae was selected as host for heterologous expression since, unlike S. coelicolor, it does not possess vanHAX genes and is very sensitive to glycopeptides. PAPs of the pIJ86⍀vanY transformants and of the parental strain indicated that expression of vanY increased the level of resistance to A40926, teicoplanin, and vancomycin (Fig. 7) . These data confirmed the role of vanY in conferring glycopeptide resistance in the absence of vanHAX genes. 
